We report detailed results for positron-H 2 collisions obtained with the Schwinger multichannel method. Our calculations include annihilation parameter, differential, integral, and momentum transfer cross sections for energies below the positronium formation threshold. The calculations were carried out in the static-pluspolarization approximation with symmetry-resolved cross sections. Energy ͑temperature͒ dependence and symmetry-resolved contributions for the annihilation parameter Z eff are also reported. Our ab initio integral cross sections are found to be in good agreement with the experimental data.
I. INTRODUCTION
With the appearance of reliable magnetic traps, studies on low-energy matter-antimatter interactions have gained interest in the last few years. Particularly, substantial progress has been made in obtaining cross sections and annihilation rates for positron-molecule ͑atom͒ collision processes. Positron interactions with molecules can cause a variety of intriguing phenomena different from the electron case. The reason is that positrons can annihilate with an electron of the target during the process. The Coulombic attraction between positrons and electrons makes an enormous difference from the always repulsive interaction between electrons. As a result of such an attraction, positrons may form virtual positronium inside the molecule and if they have enough energy they can produce real positronium in the asymptotic region. Depending on the probability of finding a positron in the same position of an electron, the annihilation process can be weaker or stronger. The polarization potentials are always attractive and somehow always trying to put positrons and electrons together. Description of polarization interaction is very sensible because the static potential has opposite sign to the polarization potential. Therefore the positron-molecule problem is indeed more difficult to solve than the electron case, making the theoretical task of describing the phenomena very challenging. So, a suitable theory should be capable of dealing with several important aspects of the problem such as polarization effects, resonances, electronically inelastic scattering with several open and closed channels, positronium effects, and, if possible, applicable to nonlinear targets. A series of experiments involving positron impact with molecules has been done recently ͑see Refs. ͓1-3͔͒ so that the theoretical calculations are extremely important for an adequate comparison. In particular, for the system analyzed here, e ϩ -H 2 scattering, some methods, such as the R-matrix ͑RM͒ method ͓4͔, the Kohn variational method ͑KVM͒ ͓5͔, the distributed positron model ͑DPM͒ ͓6͔, and the Schwinger multichannel ͑SMC͒ method ͓7͔ have been used to calculate elastic integral cross sections. Accurate elastic differential cross sections ͑DCS͒ still remain an important and challenging endeavor. To test the potential of the SMC method we have calculated cross sections of molecules such as H 2 ͓7-9͔, CH 4 ͓7͔, and C 2 H 4 ͓10͔ by positron impact of low energy. In a recent paper, da Silva et al. ͓9͔ reported results for elastic integral cross sections and calculated the Z eff , annihilation parameter of elastic positron-H 2 , using the SMC method at the static-plus-polarization level of approximation. In this present work we extend our previous calculations ͓9͔, to report on DCS, momentum transfer cross section ͑MTCS͒, integral cross section ͑ICS͒, and the annihilation parameter Z eff . As we will see, our results are in very good agreement with available experimental data. In the present calculation we have used a more suitable procedure to choose the expansion basis functions to account for polarization effects. The SMC method does not incorporate real positronium formation, but it explicitly considers virtual positronium formation. In fact, full coupling of virtual positronium states is accounted for in the formalism. The precision depends only on how flexible the basis set is. Usually the molecular frame is the best frame to describe the collision process. Positroniums are better described in their center of mass. To remedy this problem, we have introduced several additional centers around the molecule. The choice of center positions and type of functions is a judicious choice and in some sense arbitrary. The strategy we are following involves the search of the lowest bound state of the composite ͑positron plus molecule͒ system. The remainder of this paper is organized into three sections. Section II gives a summary and some relevant theoretical details of the method. Section III describes details and results of our calculations on H 2 , and finally, Sec. IV presents our conclusions. Atomic units will be assumed throughout this paper, unless otherwise specified. 
II. SCHWINGER MULTICHANNEL METHOD
Details of the SMC method have been discussed elsewhere ͓7͔. Here we will review a few important aspects of the method, which are essential to our present application. In the SMC method, the expression for the scattering amplitude is given by
͑2͒
As in the original Schwinger principle for electrons ͓11͔, the trial scattering functions do not need to satisfy specific boundary conditions and hence they can be expanded in an L 2 basis ͑square integrable basis͒. In these equations, S k ជ i is a product of a target state and a plane wave, V is the interaction potential between a positron and the molecular target, n is an (Nϩ1)-particle wave function used as variational trial function, Ĥ is the total energy minus the full Hamiltonian of the system, N is the number of electrons in the target, P is a projector onto the energetically open electronic states of the target and Q onto the closed states, and G p (ϩ) is the Green function projected on the P space. In our calculations, the static approximation can be obtained by defining P ϭ͉ 0 ͗͘ 0 ͉, where ͉ 0 ͘ is the ground state of the target ͑for static approximation Q is made equal to zero͒. The polarization effects are included by defining Qϭ ͚ l ͉ l ͗͘ l ͉, where ͉ l ͘ are excited states of the target, and the trial function set n is expanded from the static situation by including all simple products of ͉ l ͘ and one-particle scattering functions ͑see Ref. ͓7͔͒. The wave function obtained by the SMC method can be used to calculate the annihilation parameter Z eff . Remembering that the annihilation parameter is related to the probability of an electron and a positron to be found in the same position we can write
This quantity can be evaluated with the help of the SMC (Nϩ1)-particle scattering wave function which is given by ͓9͔
As in Ref. ͓9͔, the reported annihilation parameters are obtained through an angular average of Eq. ͑3͒.
III. PROCEDURE AND RESULTS
For impact energies below real positronium formation, the SMC method carries the important aspects of the collision process, including the possibility of virtual positronium formation. As mentioned before, positroniums are better described in their center of mass and not in the molecular center. To remedy this problem we have introduced several Fig. 1͒ . In principle the adopted geometrical figure could be anything. We used a cubic distribution because it is more convenient for the SMC computer code in terms of symmetry exploration. The functions used for each center are chosen by searching the lowest bound state of the composite ͑positron plus molecule͒ system. The idea can be better understood with the help of Fig.  1 . First, we considered the molecule inside of a cubic distribution of basis function centers situated at B1, . . . ,B8 positions. We then place Cartesian Gaussian functions of types ''s'' and ''p'' on each corner (B1, . . . ,B8) of the cube. With the cube in the initial position, we optimized the values of the s and p exponents, through the minimization of the energy of the composite positron plus molecule system ͑by simple diagonalization of the Hamiltonian matrix of the composite͒. The optimized values for the Gaussian exponents were then used to find a new ''best size'' of the cube. This procedure is repeated until convergence is achieved. With this approach, we have found the corner of the cube as Xϭ1.0a 0 , Y ϭ1.0a 0 , Zϭ1.0a 0 and the exponents of functions s and p as 0.15 and 0.39, respectively ͑see Fig. 2͒ . The three curves, in Fig. 2 , were obtained by varying each parameter ͑size of the cube or s or p exponents͒ with the other two parameters fixed in their best values. We have observed that the optimization of these extra center positions and of the Cartesian Gaussian exponents represent an important and necessary step in obtaining converged cross sections for positron scattering ͓16͔. Our calculations for H 2 were made considering the D 2h point group and we included contributions to the cross sections and to the annihilation parameters from all eight symmetries, A g , A u , B 1u , B 2u , B 3u , B 1g , B 2g , and B 3g of this group. In this work, the target wave function was obtained by a Hartree-Fock calculation using the same basis set of Ref. ͓9͔. For the description of scattering wave function and of polarization effects we included the abovementioned s and p functions in the cube and one d function with exponent 0.005 at the center of mass of the molecule. In our basis, the induced polarizability was determined to be In the present calculation we used 78 Cartesian Gaussian functions and a total number of 7312 configurations ͑in our earlier paper ͓9͔ we used 64 functions and a total of 4096 configurations͒ to expand the scattering wave function. In order to check the numerical integrations in the momentum space of the present SMC application, we tested the results with several quadratures until full convergence was achieved. The DCS for several energies are listed in Table I with the total integrated cross sections obtained when contributions from all eight symmetries are included. In Fig. 3 we show our ICS obtained with the SMC method in comparison with experimental and other theoretical results. Our ICS agree better with the experimental data of Hoffman et al. ͓15͔ . Figure 3 shows that the present results ͑obtained with the same SMC͒ are considerably different from those obtained in our earlier calculations ͓9͔, but they are in better agreement with other theoretical results. We believe this is an indication that our choice for basis functions is now more adequate. Furthermore, as a consequence, our annihilation parameter Z eff is now also very good in comparison with experimental datum at room temperature ͑see Table II͒ . Since we are interested also in computing DCS for e ϩ -H 2 at low impact energies, a comparison of SMC with other theoretical results would be useful. In  Figs. 4͑a͒, 4͑b͒, 4͑c͒ , and 4͑d͒, we present our results of DCS for energies 1.36, 2.72, 4.08, and 5.44 eV, respectively. For these energies we compared the SMC results with the DPM ͓6͔ and the RM ͓4͔ methods. With this good agreement between our ICS and DCS with other theoretical results, we have an encouraging indication that the physics assumptions involved in our procedures are substantially correct.
Finally in Fig. 5 , we present the energy dependence of symmetry-resolved annihilation parameter. The symmetries B 2u and B 3u , and B 2g and B 3g are degenerate and only one of them is shown in the figure. As we have found in e ϩ -C 2 H 4 scattering ͓10͔ the main contribution for the Z eff comes from the A g symmetry.
IV. CONCLUSIONS
In this paper we have reported an application of the Schwinger multichannel method to low-energy positron collisions with the target H 2 . Using this system we have developed a procedure of making a judicious choice of the expansion basis set for the description of polarization effects. Differential cross sections at the static-plus-polarization level of approximation have been reported for energies below positronium formation. Our results were found to be in good agreement with other theoretical results and with the experimental data of Hoffman et al. ͓15͔ . The existing discrepancy between experimental data sets needs further investigation. The present study helps to demonstrate the utility of this approach and represents considerable progress toward obtaining ab initio differential cross sections and the Z eff parameter for a variety of other molecular targets.
